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Introduction
In recent decades, there has been increased awareness concerning the potential impacts of underwater sound on marine animals, such as auditory injury and/or behavioural changes (e.g., Gordon et al., 2003; Ketten, 2014; Lucke et al., 2009; Pirotta et al., 2014) . When conducting industrial activities involving sound, such as pile driving or the use of seismic sources, regulators often prescribe monitoring before, during and/or after operations to assess and/or mitigate anthropogenic impacts on marine species. Three types of monitoring are typically used in relation to industrial activities: (1) 'population monitoring' to assess animal abundance, density and/or distribution and changes therein; (2) 'mitigation monitoring' to trigger mitigation actions upon animal presence near or within a potential impact area; and (3) 'focal animal monitoring' to investigate fine-scale animal responses to anthropogenic sound.
Unmanned vehicles have the potential to greatly augment marine animal monitoring surveys. Some of the benefits of this technology compared to manned systems are improved mission safety, repeatability, and reduced operational costs. They also enable long-range operations beyond detection ranges of human observers. Unmanned vehicles can be deployed in air (Unmanned Aerial Systems -UAS), at the sea surface (Autonomous Surface Vehicles -ASV) or in the water column (Autonomous Underwater Vehicles -AUV).
Unmanned vehicles have quickly evolved over the past decade and are used in various studies, e.g., for gathering oceanographic and meteorological data (e.g. Eriksen et al., 2001; Funaki and Hirasawa, 2008; 2014) , and for monitoring sea ice (e.g., Inoue et al., 2008) and wildlife (e.g., Forney et al., 2012; Hodgson et al., 2010; Koski et al., 2009b; Lyons et al., 2006) . Industry applications, such as for the Oil and Gas (O &G) industry, include subsea equipment inspections and leak detection (Budiyono, 2009) and marine mammal monitoring around petroleum operations (e.g., Koski et al., 2009a; Lyons et al., 2006) .
We synthesize the findings of a review conducted by Verfuss et al. (2015) , highlighting which type of unmanned vehicle would be suitable for population, mitigation, and/or focal animal monitoring. Section 2 describes the monitoring types and their demands on unmanned vehicles. Section 3 summarises the currently available unmanned platforms suitable for surveying marine mammals, sea turtles and fish. Sections 4 and 5 present the data relay systems and sensor types, respectively, which can be integrated with the platforms (forming an unmanned system). In Section 6 we evaluate which systems are currently most suitable for each of the monitoring types and conclude in Section 7 with a set of recommendations on future work.
Monitoring types

Population monitoring
Population monitoring is used to estimate absolute population abundance or density, assess spatial and temporal patterns in the distribution of populations and investigate changes in density and distribution as a result of anthropogenic activities.
Wildlife surveys for population monitoring typically take place along planned survey transect lines or from static monitoring point transects, which are systematically placed across the study area. Therefore, unmanned vehicles that follow transects with a minimum of operator oversight, by adhering to transect lines, or remaining stationary (or at least performing turns to stay in the same location) to create a monitoring point, are particularly suited to collecting data for transect surveys. When selecting a platform, it is important to consider the range of operating altitudes/depths, whether a system can follow a pre-designed track (e.g. using pre-programmed coordinates, and/or manual piloting) with sufficient power to ensure the surveys are completed on time, and what environmental limitations may affect a system's ability to remain on a survey path.
Real time data transfer or processing is generally not a requirement for population surveys, so data can be archived on board the vehicle for later analysis. Recording temporal and spatial survey effort is essential, as well as collecting either visual or acoustic data for species identification. While it is not necessary to detect all animals during a point or line transect survey, it is important to estimate the probability of detecting the target species, which is used to estimate abundance and/or density. There are several methods available to estimate detection probability from visual or acoustic data, such as distance sampling, mark-recapture (e.g., Borchers, 2012; Borchers et al., 2015; Buckland et al., 2001; Marques et al., 2013b) , and spatial capture recapture (SCR). SCR is an extension to mark-recapture that, in contrast to mark-recapture, includes an estimation of the survey area size to enable density, as well as abundance, estimation (Borchers, 2012) . Detection probabilities can also be estimated using alternative methods (Marques et al., 2013a) but should not be considered in preference to distance sampling or SCR.
The various methods require different information to be recorded about detected animals, which will determine what specific sensors are required for a given platform. Identification of animals to species or species group level is essential for all methods. Distance sampling requires the determination of the horizontal range from the transect line or point to each detection. SCR, when used with visual data (Section 5.1) or acoustic data where animals can be identified (Section 5.4), requires that individuals are re-identified, i.e. "re-captured" across surveying occasions and that the coordinates of each detected animal are recorded; this may require a high level of operator involvement to focus on detected individuals (e.g. to collect high resolution photographs). In passive acoustic surveys where individuals cannot be identified acoustically (Section 5.2), SCR data are collected by associating the same acoustic detection across multiple hydrophones, where the hydrophone locations are known . Determination of the received sound levels and time-of-arrival of the acoustic detections can improve the precision of SCR results .
When combining multiple systems or sensors into instrument arrays, clock synchronisation will be essential to enable range estimation for distance sampling, and may also facilitate identifying the same acoustic detection on multiple hydrophones for SCR. In addition to detection probability, other factors are likely to be required for abundance or density estimation, e.g. group size, call production rate for acoustically detected animals and surfacing rate for visually detected animals (Borchers et al., 2013; Marques et al., 2013a; Warren et al., 2017) ; such factors may require additional data collection from auxiliary fine scale focal follows (Section 2.3).
Mitigation monitoring
Mitigation monitoring is conducted to implement mitigation measures upon the presence of certain marine animals within a pre-defined area around an anthropogenic sound source (mitigation zone) in order to minimize the impact of sound on the animal.
The size of the area that needs to be monitored (the monitoring zone) and which species are to be monitored for are generally specified by the responsible authority. The typical radius of a monitoring zone ranges from 500 m (e.g., JNCC, 2017) to over 3000 m (e.g., DEWHA, 2008) (see Verfuss et al., 2016 for further details). Detection probability of the target species should be high across the entire monitoring zone. Accurate animal location or range determination are also desirable in order to avoid costly mitigation actions triggered by animals outside the mitigation zone. It is also essential that data processing can take place in near-real time, which either requires the transmission of raw data to a competent human operator, or real time on-board processing (which may include the use of detectors and/or classifiers) and the transmission of summary detection data, or a combination thereof (see Section 4). It is generally necessary for a trained human operator to check detections before implementing mitigation actions, as the detector performance may be poor, especially in the presence of noise (industrial, biological, weather generated, etc.) (Verfuss et al., 2018) . The level of species identification for mitigation monitoring may be less stringent than for population monitoring since most regulations are likely to require a general classification such as "cetacean", "large whale", "dolphin" etc.
Focal animal monitoring
Focal animal studies focus on the behaviour and responses of individual animals to anthropogenic sound, and therefore technology requirements may vary from those for population and mitigation monitoring. Target animals need to be detected and tracked to assess their reactions to specific sounds (e.g., in playback experiments) or other stimuli (e.g., Antunes et al., 2014; Miller et al., 2014) . Throughout focal studies, detection probability should remain sufficient so that enough data about the animal's behaviour are obtained to reveal potential responses of the animal to the sound, or other stimuli.
Unmanned vehicles need to be either mobile to follow a focal animal or remain static with a field of view such that an animal can be monitored over time. Mobile systems should be able to adapt their speed to the speed of the animal, including station keeping (remaining in one place) e.g., if an animal displays milling behaviour. These systems need to have a geo-referencing system to determine the target animal's location. Current systems need to be manually piloted since no system currently exists which can automatically detect and follow an animal.
Platform types
Three main types of platform are discussed, Unmanned Aerial Systems (UAS), Autonomous Underwater Vehicles (AUV) and Autonomous Surface Vehicles (ASV). While "low cost, off the shelf" systems are slowly emerging (more rapidly in UAS and AUV than ASV), many will require tailoring to meet a particular set of monitoring requirements. This section provides a general overview of some of the unmanned systems available. A list of platforms suitable for marine animal monitoring considered in this study can be found in Table 1 . Detailed information on the listed platforms can be found in Verfuss et al. (2015) .
Aerial systems
Powered aircraft, kites and lighter-than-air aircraft are UAS-types suitable for marine animal monitoring. They are available in a variety of sizes, ranging from 18 g (PD-100 by Proxdynamics) to 14,000 kg (Global Hawk by Northrop Grumman), with a maximum operational time of 40 h. Based on the recommendations of Koski et al. (2009a) , we defined a series of UAS features that are relevant for animal monitoring offshore. We included platforms that have a minimum horizontal operational range of 0.5 km from vessels or 200 km from land, and sensors (Section 5.1) capable of detecting objects as small as 1 m in length (e.g., sharks, turtles, fish shoals, and small marine mammals). Due to the Table 1 Unmanned vehicle platforms included in this review, their type (powered and unpowered ASV, propeller and glider AUV, lighter-than-air aircrafts (l-t-a) UAS, kites and powered fixed wing UAS), system name, manufacturer and/or designer/originating university as well as their technology readiness level. Trimble Navigation Limited, Belgium Full commercial application large number of available systems, we restrict our review to UAS that can be quickly deployed and that can be operated by no more than three to four persons.
Powered aircraft
Powered aircraft systems include fixed-wing and Vertical Take-Off and Landing (VTOL) systems. Fixed-wing unmanned aircraft are launched using, for example, catapult systems and recovered by using a hook and net system (e.g., in ship deployments), or by landing on a flat surface. VTOL aircraft types include Multi-copters/Multi-rotors, Quadcopters, Hexacopters, and Octocopters. These systems have gained popularity due to their functional flexibility, i.e. they require no specific deployment or recovery facilities. During autonomous flights, these vehicles are capable of being manually piloted or follow a track based on a flight plan (with waypoints). In the case of the latter, pilots are often only needed for take-off and landing manoeuvers because the field operation is uploaded prior to the flight. In most cases, the operational range of VTOL is not sufficient for offshore marine animal monitoring. Most fixed-wing and VTOL aircraft are capable of using gimbal sensors (Section 5.1) to lock the camera onto the target animal during surveys. The two fully electric powered aircraft included in this review are the Trimble UX5 and the Bramor C4EYE (Table 1) . These systems are lightweight, low cost, and easy to operate. We included four fuel-powered aircrafts, where the Arcturus Jump-20 (Table 1) is the only platform with VTOL capabilities, and the only VTOL included in this review. VTOL requires no extra infrastructure other than a flat surface when operating from ships or in areas without a suitable landing strip. The Insitu ScanEagle and Thales Fulmar (Table 1) have capabilities for wire or net landing on ship or land. The Penguin B (Table 1) , on the other hand, is the only aircraft that requires a strip/ runway to land. We identified a single aircraft that can land on the sea surface, the Thales Fulmar.
Kites
Kites comprise a steel frame with an engine, an on-board computer, and a parachute wing. Their advantages include easy transportation and the capacity to carry still cameras, video recording devices and/or multi-spectral and thermal sensors (Thamm, 2011 ) (see also Section 5.1). However, kites function poorly in strong wind conditions and are often not fully stabilised, resulting in difficulties in hovering over a point of interest. Kites generally operate in wind speeds < 12 knots, which may limit the locations in which they can operate (Thamm et al., 2013) . Kite systems have a flight time that can go up to a few hours. These systems require slightly less training time for pilots and operators than powered aircraft (Thamm et al., 2013) . Data can be stored in the same format and edited/processed as for the previous aircraft types. However, there has been a lack of survey testing in offshore regions, with only one platform (SWAN X1, Table 1) showing potential for marine surveillance.
Lighter-than-air aircraft
Lighter-than-air aircraft systems (blimps or balloons) consist of a buoyant gas-filled balloon (e.g. helium or hydrogen) that supports sensors with straight-down or tilted views. Balloons are tethered systems connected and towed by a vessel (Hodgson, 2007) while blimps lack a tethering system, which makes them less stable in harsh weather conditions but enables independent flight. Lighter-than-air aircraft may conduct transect-based surveys and can also maintain a hovering position. Balloons, however, are dependent on the presence of a support vessel, which may affect animal presence and/or increase the complexity of operational logistics. Additionally, heat and humidity may affect the lift of the balloon, which in rain, snow, and mist can become heavier from accumulated precipitation on top of the platform. The OceanEye (Table 1) is supplied with a triple sensor unit capable of realtime, night video and imagery. The Desert Star 10 (Table 1) platform is able to carry gyro-stabilised and standard pan-tilt-zoom (PTZ) and modular video cameras, which can be remotely operated to provide a wider view, or store information on-board. Desert Star 10 overcame the limitation of heat and humidity affecting the lift of the balloon by incorporating a tethered helium balloon with a kite wing. The combination of kites and lighter-than-air aircraft is called a kitoon (e.g., MacKellar et al., 2013; Verhoeven et al., 2009) . Kitoons can endure stronger winds while maintaining a relatively stable position due to their balloon body and attached sail. Hence, they are a popular alternative for the acquisition of marine data. These UAS are less weatherdependent than kites, as they are typically tethered to a vessel.
Underwater and surface vehicles
There are a wide variety of AUV and ASV platforms available. ASV and AUV suitable for marine animal monitoring vary from relatively small vehicles, which can be lifted by one or two persons and deployed from a small inflatable boat, to large diesel powered surface vessels (Griffiths, 2002) . The smaller vessels operate with a high level of autonomy and are capable of staying at sea for several months, while the larger surface vehicles tend to be more tightly controlled. All platforms, except drifters, described in this review (Table 1) are designed to follow a track line by waypoint setting. While navigating, surface vehicles have the advantage of being able to continuously receive GPS position data meaning that their location can be accurately recorded at all times. Subsurface vehicles cannot receive GPS data while under water and therefore must generally rely on depth measurements and dead reckoning using electronic compasses.
Propeller driven underwater craft
Propeller driven underwater craft are small automated vehicles that are manoeuvrable in the water column in three dimensions by an onboard computer. These systems are typically deployed from a support vessel, but they are not tethered to the vessel during data collection (Wynn et al., 2013) . They follow a pre-programmed course operating for periods of a few hours to several days under most environmental conditions. Travelling speeds of propelled AUV are comparable to tidal currents, which can produce navigational drift and thereby affect data quality. This makes propelled AUV less suitable for shallow water operations (Wynn et al., 2013) . Most propelled AUV operate at depths of over 200 m, with some models operating at depths up to 6000 m. Powered AUV can operate for a period of weeks. All powered craft face limitations in operational range, but most offer great flexibility depending on the specific mission.
Underwater buoyancy gliders
Underwater buoyancy gliders (hereafter UW gliders) are slow moving (~0.6 knots), typically small (< 2 m), low power platforms that house sensors capable of making multidisciplinary oceanographic observations with long-term deployments (months) and ability to cover large distances (hundreds to thousands of kilometres) (Davis et al., 2002) . UW gliders move vertically through the water column by changing their volume and buoyancy. They typically undulate in the upper 1000 m of the water column, thereby making subsurface measurements. The vehicle is steered either by changes in the centre of gravity relative to the centre of buoyancy or by using a rudder. When at the surface, satellite navigation and communication enable the glider to be directed and controlled remotely and to transfer data. UW gliders are acoustically quiet platforms making them highly suitable for acoustic data collection. Mission durations for some glider models can last for many months, though mission durations will be reduced if the sensor payload draws significant power from the gliders batteries. There are, to our knowledge, currently four commercially available electric UW gliders: the Slocum electric (Webb et al., 2001) , the Seaglider (Eriksen et al., 2001) , the Coastal glider (Imlach and Mahr, 2012) , and the Sea Explorer (ACSA, 2014) ( (Osse and Eriksen, 2007) , Tsukuyomi (Asakawa et al., 2011) and the Liberdade Xray/Zray (D'Spain, 2009; D'Spain et al., 2011) (Table 1) . These differ in their key optimisation of speed, mission duration and depth. The Coastal glider is designed for use in the littoral zone (it is self-ballasting from essentially fresh to full ocean water), with a faster maximum speed (2 knots) (Imlach and Mahr, 2012) . The Deep glider, on the other hand, is designed to operate at depths of 6000 m (Osse and Eriksen, 2007) . The Tsukuyomi is being designed for long duration as a virtual mooring (Asakawa et al., 2011) and the Liberdade Zray/Xray is designed for long distance, long duration and to carry large and highdata-rate payloads (D'Spain, 2009) . In most commercially available systems, the manufacturer is able to provide a package that integrates a passive or active acoustic system into the UW glider.
Powered surface craft
Powered surface craft are categorised into three groups based solely on hull shape: boats, catamarans and semi-submersibles. Most vehicles are operated remotely from shore or by a support vessel and many resemble familiar craft, such as a rigid-hulled inflatable boat (RHIB) with an inboard or outboard motor. Due to the potential for navigational risk to other craft, these vessels are not fully automated and are required to have the capability for manned operation. One of the most popular ways to create automated or dual-mode (manned/unmanned) vessels is to integrate manual-to-automated control conversion kits into commercial vessels (Caccia, 2006; Caccia et al., 2009 ). This opens a new range of possibilities for using familiar vessels of greater size and complexity for unmanned observations. The disadvantage is that with increased complexity, there is a higher probability for mechanical issues to arise that may not be easily resolved during remote operations.
Powered ASV have the potential to stay at a single point, but this has implications for power/fuel requirements that result in widely varying station keeping capabilities. For example, the method of station-keeping, known as close circling, has more flexibility but by definition provides low positioning precision. Regarding mobility, powered ASV vary widely; a few large, high powered models are capable of high speeds (≥25 knots) (e.g., C-Target 3 and Mariner, Table 1 ) but the majority operate between 3 and 10 knots. Typically, powered ASV can run for up to several days.
Self-powered surface vehicles
Self-powered surface vehicles, such as wave and wind gliders, use renewable energy from wave, wind or solar energy for forward motion, idling, or station keeping. These vehicles mostly extract energy from wave motion and convert it directly into forward motion. The vehicles also use solar or wind power to maintain batteries used to power the navigation systems and the sensor payload. These vehicles are able to be deployed for time periods of up to several months. Self-powered USV are generally deployed further offshore, being launched from a vessel by hoist. Communication with shore via satellite is standard on all selfpowered USV -though bandwidth may often be limited, if only by cost. Several self-powered surface vehicles that follow a track line have become available in recent years. Self-powered surface vehicles are extremely quiet, having no propeller noise, making them highly suitable for passive acoustic monitoring (see Section 5.2). The Waveglider SV3 and AutoNaut (Table 1 ) both have auxiliary propellers that can be switched on in calm conditions, when wave-power is unavailable. The Waveglider is now a well-established autonomous surface vehicle with proven missions of many months. Other wave and wind powered vehicles have also now completed significant sea time, including in storm conditions, and the AutoNaut, SailDrone (Mordy et al., 2017) and Submaran are now commercially available. The AutoNaut vehicles have a small draft and no sub-sea mechanism which allows easy deployment from a slipway and shallow coastal surveys.
Drifting sensor packages
Drifting sensor packages are unpowered AUV or ASV that are often used by oceanographers for long term ocean monitoring tasks (e.g., Barlow et al., 2018; Roemmich et al., 2009 ). These are low cost, allowing deployment of many sensors simultaneously in order to increase the amount of data collected during a project. Many drifters remain at the sea surface, relaying their positions via satellite link. More sophisticated devices also carry sensor packages and some sample at multiple depths by moving up and down in the water column before transmitting their data to shore. Like the self-powered surface vehicles, the drifting sensor packages are extremely quiet.
Data relay system types
Unmanned vehicles have the capability to carry several types of sensors that store or transmit data using different data relay systems (e.g., Table 2 ). For all vehicles, basic communication for piloting telemetry is undertaken with ease using satellite or radio frequency (RF) modem options since data volumes are relatively small. When data from unmanned platforms are required in real time, or near real-time, a number of options are available for sending data either to shore or to a nearby manned platform or vessel. Real time on-board processing and the use of detectors and classifiers help reduce data volumes that need to be stored or transmitted, but are generally accompanied with a certain false alarm rate and the need for a trained human operator to check detections identified by a system, especially for mitigation monitoring (Section 2.2).
Even if data are not required in real time, it can be advantageous to recover data at regular intervals in order to minimize the risk of data loss, reduce the need for on-board storage and to assess at regular intervals if there are any problems with the data collection. However, data relay to transfer information relevant for marine animal monitoring generally demands considerably more bandwidth and may be impractical due to the limitations of power requirement, transmitter size and cost.
Many different types of data relay system are available (Table 2) , most using either a full internet access protocol or some form of short burst data service. As a general rule, sending larger amounts of data Pilot Iridium Iridium L-band L-band over longer distances will require more power, larger and heavier equipment and is likely to incur greater costs. In inshore waters, mobile phone technology can provide high data rates for modest cost and power requirements. In offshore waters, in line of sight of a manned platform or base station, wireless modems (Table 2) can be used to transfer data several kilometres. These systems are generally free to use, but local regulations may restrict the use of particular frequencies in some countries. Both acoustic and video data may also be transferred over short distances using analog transmitters, which may be free to use. In general analog systems are a dated technology, however they can have a role when precise time synchronisation is required between sensors mounted on different platforms. For vehicles operating in remote locations far from a human operator or base station, satellite technologies are often the only practical solution. Satellite systems come in a variety of sizes (Table 2) . Small systems, such as the Iridium L-band weigh < 0.5 kg and consume 2.5 watt (W) power when active, but have a very limited bandwidth of 2400 bits per second (bps). This is often adequate for vehicle control and to download low bandwidth data and is suitable for low power unmanned vehicles such as buoyancy gliders and self-powered ASV. The limited bandwidth of these devices could only be used for the transfer of very small quantities of acoustic or image data. Larger satellite systems such as the Inmarsat FleetOne (Table 2) weigh several kilograms and support data rates into the hundreds of kilobits per second (kbps). This would be sufficient for transmission of data summaries or low frequency raw data. These systems are also physically large (tens of centimetres in each dimension), high power (100-150 W) and cost thousands of dollars per month to operate. Such systems are therefore only suitable for use in large powered surface vessels.
Sensor types
Sensors suitable for marine animal monitoring can be integrated into unmanned vehicles as recording and/or real-time processing sensors. Recording-only devices may operate at lower power than real-time processing sensors. Conversely, real-time processing and transmission of data can reduce on-board data storage requirements and thus increase deployment durations. In addition to data reduction, detection and/or classification algorithms also decrease the workload of a human observer by pre-selecting potential detections within the huge amounts of data.
Generally, aerial systems use detection systems relying on electrooptical imaging sensors while underwater and surface vehicles rely mostly on acoustic methods. Table 3 lists sensor systems that may be integrated into the platforms discussed in Section 3. Detailed information on the listed sensors can be found in Verfuss et al. (2015) .
Electro-optical imaging sensors
Electro-optical (EO) imaging sensors on UAS enable the detection of animals near or at the sea surface (Fig. 1) . The application of EO imaging sensors on ASV and AUV was not considered in this review, as the detection range of these systems when used underwater or near the water surface is limited.
A single UAS may carry one or several EO sensors, depending on its payload capacity. Individual images can be georeferenced using flight logs or additional GPS information. The three main EO imaging technologies which can detect radiation in different parts of the spectrum (Red Green Blue (RGB), thermal Infra-Red (IR) or non-thermal IR sensors) are suitable for marine animal monitoring from UAS with video or still imagery. Sensors included in this review are listed in Table 3 .
RGB cameras detect light in the visible range (VIS) of the electromagnetic spectrum. RGB commercial cameras come in a variety of different qualities with regard to resolution, dynamic range and light sensitivity. Thermal IR cameras register thermal radiation emitted from an object such as the breath of marine mammals (Churnside et al., 2009; Santhaseelan and Asari, 2015; Weissenberger et al., 2011; Zitterbart et al., 2013) , limiting the detection to warm blooded animals at the sea surface. Non-thermal IR cameras operate at the low end of the IR spectrum and are often divided into two groups, differing in the wavelength spectrum: near-infrared (NIR) and short-wavelength infrared (SWIR) (Ibarra-Castanedo et al., 2015) . SWIR cameras excel in Table 3 Sensors that may be integrated into unmanned vehicles and included in this review, the sensor type (AAM, PAM, video), system name, manufacturer as well as their technology readiness level. Cloudcap Technology, USA Full commercial application low light conditions though few studies have tested them in UAS deployments for the detection of marine animals (e.g. Contarino et al., 2010; Kemper et al., 2016; Podobna et al., 2012) . UAS sensors are typically positioned below the survey platform either at a straight or angled view. It is possible to exchange imaging sensors on a specific platform, depending on the compatibility of alternative sensors. Most platforms considered in this evaluation are available as a part of a set (e.g., ARCTURUS UAV and TRIMBLE).
We focus on stabilised camera systems (i.e. gimbal systems) capable of acquiring at minimum high-definition (HD) video quality, as this is key for the detection of marine animals. Most gimbal systems on the market come pre-assembled with sensors and manufacturers provide a selection of different sensors to suit customer applications and requirements. The biggest gimbals (e.g., Cloudcap TASE 400, Table 3 ) are used for non-standard camera configurations. The CM100 Gimbal (Table 3) is classified as a small, light-weight system making it compatible with most UAS. In addition, there are specialized gimbals from Insitu and C-ASTRAL that are compatible with both the ScanEagle and Bramor models, respectively.
Imaging sensors such as high resolution still or video cameras, operating in the visible spectrum or the non-thermal region of the infrared spectrum are the most relevant sensors for marine animal studies. A future system with high resolution gyro stabilised geocoded video or geocoded overlapping still images would be an effective tool for nearreal-time animal detection and species identification from UAS data.
Some data processing capabilities, such as object tracking or motion detection, can be included in the sensor or gimbal. The communication system, used for transferring data from the sensor to the ground, is often an integral part of the UAS. Depending on the aim of the study, it is possible to create mosaics, analyse each photo or video individually, or use a real-time detection system such as the one developed by Ireland et al. (2015) . Classification of animals with UAS-sensors is possible, but only with appropriately trained human observers monitoring the video stream.
Passive acoustic monitoring systems
Passive acoustic monitoring (PAM) relies on detecting sounds produced by animals and can therefore only be used for monitoring soniferous animals (Fig. 1) . Vessel based or moored PAM systems have been used to study cetaceans for several decades (e.g., Gillespie, 1997; Sousa-Lima et al., 2013) and can also be used to detect the sounds of soniferous fish (Rountree et al., 2006) . While an increasingly large number of PAM systems for fixed unmanned monitoring are available (many of which might be adapted for deployment on unmanned vehicles, Sousa-Lima et al. (2013)), we limit this review of PAM sensors to those which have been deployed on unmanned vehicles or that perform a high level of processing, making them suitable for real-time detection.
PAM systems consist of one or more hydrophones (underwater microphones) connected to a recording and/or processing device. Sounds from many species of marine mammal are easily distinguished using a combination of automated and human based methods. However, some sounds, such as clicks and whistles from some dolphin species are harder to accurately classify to the species level (e.g., Gillespie et al., 2013; Rankin et al., 2017) . A single hydrophone system cannot generally provide localisation data. Small clusters of hydrophones can measure bearings to detected sounds by using the time of arrival difference of the signal on different hydrophones. To measure range, hydrophones need to be far apart and in general, accurate range determination is not possible beyond about three times the array dimension. For some species, range can be determined using small (bearing only) arrays if multiple bearings to the same animal can be determined from different points along a track-line, a technique known as target motion analysis (Lewis et al., 2007) .
Autonomous PAM systems to date have typically used only one or a small number of hydrophones close together. While the larger powered surface vehicles would be capable of towing larger hydrophone arrays, which might provide location data, this is impractical with small low powered vehicles, since the drag of a large array would overly impact vehicle performance. Determining animal location using target motion analysis is also impractical with slow moving vehicles since animal movement will introduce large errors into estimates of animal location. To overcome these limitations, Fucile et al. (2006) deployed three submarine gliders and used time of arrival differences on the different vehicles to determine animal location. Clearly though, deploying multiple vehicles in this way poses additional costs and logistical requirements in navigation and the need to accurately time-synchronise the different sensors.
The PAM systems most suitable for use on small low power unmanned vehicles such as UW gliders are the SoundTrap, the DMON and the WISPR board (Table 3 ). The SoundTrap and DMON have been deployed on both Slocum underwater gliders and Kongsberg seagliders (Baumgartner et al., 2013; Suberg et al., 2014) . The WISPR board is available as a standard package with the Kongsberg seaglider. However, its relatively high power consumption significantly reduces the lifetime of glider deployments from months to weeks. The surface vehicles that have been reviewed could potentially work with any of the sensors listed in Table 3 since they have fewer space restrictions and generally have more power available than the UW gliders. We are unaware of any PAM systems being used on powered underwater vehicles.
In order to reduce both the quantities of data stored and transmitted, most of the PAM systems listed in Table 3 purport to offer realtime detection and several PAM systems offer serial and Ethernet based connectivity. The Decimus and the Seiche system (Table 3) can both be used with wireless modem systems to send enough data in real-time for mitigation monitoring of a wide range of species.
Active acoustic monitoring sensors
An active acoustic monitoring (AAM) sensor acts by broadcasting a sound wave and measuring the reflected signal from encountered targets. AAM can detect anything with a large enough target strength to reflect sufficient sound energy to the AAM sensor. Therefore any large "body", from zooplankton patches and fishes up to large whales can be detected (Fig. 1) . Classification of the animal species or species group is complex with AAM and relies on knowledge of the animal's specific target strength at different frequencies and swimming behaviour. Specific algorithms for detecting and classifying marine animals such as seals, porpoise, dolphins and sharks are under development (e.g., Hastie, 2012; Sparling et al., 2016) . These may however, only work in the context for which they were developed and therefore, may need to be tested for other situations or environments.
The performance of the AAM sonar system depends on the degree to which the beam of sound is focussed onto the target and hence the direction of the array generating the sound beam. It also depends on the level of background noise. As AAM is an active system emitting sound, it may have an influence on marine animals if the frequency of the emitted sound is audible to the receiving animal (e.g., Hastie, 2007; Ketten, 2004) .
AAM have been used with UW gliders and ASV to detect zooplankton rather than fish and other larger animals (e.g., Guihen et al., 2014) , although AAM is used in fisheries research to estimate fish biomass and distribution (e.g., herring, blue whiting, mackerel, sardines and anchovy: Doray, 2012; Huse et al., 2015) . AAM systems typically operate from~18 kHz through to~500 kHz.
Currently there are a selection of AAM sensors integrated in AUVs (e.g., Bingham et al., 2012; Fernandes et al., 2003; Williams et al., 2010) or ASV (e.g., Greene et al., 2014) . Potentially any of the echosounders listed in Table 3 could be mounted on AUV or ASV.
AAM systems generally store raw, unprocessed data. The Biosonics DT-X-Sub and the WBAT (Table 3) have on-board processors that in the former case produce data summaries viewable as simplified echograms with alerts triggered by acoustic events. Most of the AAM systems are able to observe fish and zooplankton, as well as provide a bearing and direct range estimate to an animal from a single device (albeit within a very small beam for some of them). Real-time data transmission of a limited amount of information is feasible for all systems listed in Table 3 except for the Vemco VMT (Table 1) .
Animal borne-transponder tags
Animal borne-transponder tags in combination with a passive acoustic receiver help to monitor the movements of individual organisms, such as marine mammals, turtles and fish (e.g., Voegeli et al., 2001) (Fig. 1) , but are mostly used with fish. A miniature electronic pinger is placed on an animal, of which the ping can be detected by hydrophones (e.g., Wroblewski et al., 1994; Wroblewski et al., 2000) . Tags transmit at specific frequencies and use either encoded pulses or patterns of pulses to provide a unique marker for each individual. Detections are generally made with pre-assembled receivers from the tag manufacturer. Tag detection, range, and transmission duration are proportional to tag size. Acoustic receivers for the detection of acoustic tags have been integrated into AUV surveys (Eiler et al., 2013; Haulsee et al., 2015) . Vemco tag locators have been integrated into a Slocum glider, REMUS AUV, Waveglider and AutoNaut (e.g., Eiler et al., 2013; Haulsee et al., 2015) . PAM systems used for detecting marine mammals could also potentially be used to detect the signature of an acoustic tag (Sparling et al., 2016) .
Suitability of unmanned vehicle system for the different monitoring types
Selecting the most appropriate vehicle and sensor package is very dependent on the specific details of a monitoring task and will be a function of the monitoring environment and available support infrastructure as well as the target species. For instance, mitigation monitoring around an industrial activity may require a highly mobile platform which can be rapidly deployed for relatively short periods of time, has real-time data relay and can move rapidly around a monitoring zone, whereas population monitoring for the same species may be better undertaken with a vehicle and sensor package suited to longer term deployments. Table 4 gives an overview of which systems included in this review may be suitable for the different monitoring types, and Fig. 2 illustrates which platform may be most suitable for which monitoring type under certain prevailing conditions, outlined in further detail in the following sections.
Population monitoring
Of the three classes of aerial platforms considered in this review (Section 3.1), powered UAS have many of the capabilities required for aerial surveys of marine animals (reviewed in Fiori et al., 2017 for marine mammals) and are therefore the best candidate for aerial surveys using autonomous vehicles (Fig. 2) . Kites share similar attributes to powered aircraft and they are easier to transport and, in some cases, deploy than fixed wing aircraft. However, they are more susceptible to bad weather, particularly in offshore regions. Lighter-than-air UAS also have marine animal population surveying capabilities but, due to their requirement for a tether, would either have to be moored to static buoys or attached to a moving vessel. However, these scenarios are logistically complex compared to fixed wing platforms.
All classes of AUV/ASV reviewed (Section 3.2) are capable of conducting population monitoring (Fig. 2) . Data required for detection probability estimation can be collected by both AAM and PAM sensors, though a careful survey design will be required, especially for PAM surveys that may need instrument arrays. The long mission durations of self-powered AUV/ASV is a major benefit for population monitoring, compared to the shorter deployment times (on the order of hours) of most powered AUV/ASV craft. Further, the ability of underwater gliders to vertically profile the water column, which may also aid detection of different marine animals occurring at varying depths, is another advantage of these self-powered vehicles. The low noise floor of the smaller, low powered autonomous vehicles is an additional advantage, because masking of animal sounds will be both low and stable across platforms, and animal reaction to smaller and low noise platforms is likely to be low.
A limitation of some AUV, and to a lesser extent to ASV is sensitivity to environmental conditions, particularly currents, and the subsequent Table 4 Recommended technology types that might be used in field trials for the different monitoring types. The monitoring types are furthermore divided into mitigation monitoring in areas either clear from or busy with other operational gear or traffic, short-term (hours, days) or long-term (weeks, months) monitoring and focalfollows conducted with static or mobile systems. L-t-a = lighter-than-air aircraft. While this table is based on what has been successfully trialled to date, the emergence of new sensors and platforms makes it highly likely that many more options will be available in the future. All -dependent on the specific species of interest, the geographic area, the water depth, local current strengths, shipping density, the expected animal encounter rate and the precision required of the study and possibly more, e.g. Bluefin 9/9M, A9M and REMUS 100 for shallow and medium waters and short duration surveys; Bluefin 12D and REMUS 600 for deep water and long duration surveys; Bluefin 21, A18D and REMUS 6000 for very deep waters and long duration surveys.
ASV
All U.K. Verfuss et al. Marine Pollution Bulletin 140 (2019) 17-29 effect on survey design. Powered instruments are likely to have resistance to currents. Clearly, drifting buoys will be most affected by water movement, though their low price is a major advantage over other platforms. In the case of self-powered platforms, it may be that the extended survey duration is a suitable trade-off for some disruption to the planned survey. The slow movement of self-powered platforms does have consequences for density/abundance estimation; analytical approaches that explicitly deal with animal movement may be required (reviewed in Marques et al., 2013b) . However, despite these additional considerations, autonomous vehicles' long deployment durations present a major advantage for marine animal surveys and their ability to move efficiently to other study areas make them a powerful asset.
Mitigation monitoring
For mitigation monitoring (Section 2.2), unmanned vehicles have, to our knowledge, not yet been used but they bring potential to this field. Some systems may be well placed for mitigation monitoring as they allow for (near) real-time detection. These systems would need to operate for long enough periods and cover wide enough ranges to meet the temporal and spatial requirements of the regulations set by the responsible authority, which are often in the order of hours. Where mitigation zones are larger than can be covered from a single platform, coordinated operation of a fleet of vehicles has the potential to cover larger areas. There is also the potential to use different unmanned systems concurrently with manned platforms to further increase the probability of animal detection, e.g., using UAS (Section 3.1) with thermal-IR cameras (Section 5.1) in addition to human observers.
For the continuous real-time surveillance that is required for mitigation monitoring, the platform must be able to report detections in near-real time. UAS and ASV (Sections 3.2.3 and 3.2.4) can readily achieve this using wireless modem technologies (Section 4). Communication with many AUVs while underwater is either not supported or has such restricted bandwidth that sufficient data for real-time mitigation cannot be relayed to the surface. Therefore AUVs would have to surface prior to transmitting data. This makes AUV less suitable for mitigation monitoring, as the time between the detection of a target animal by an AUV and triggering a mitigation action upon notice to the operator may not be sufficient to minimize the risk of impact. However, for some mitigation scenarios AUVs may still be of use, e.g. where species are known to move slowly, and mitigation monitoring is conducted prior to the activation of the potentially impacting sound source. In industrial areas, the deployment of ASV or AUV for marine animal monitoring during complex industrial operations may also be highly impractical unless suitable control and collision avoidance is implemented.
Focal animal monitoring
In focal animal monitoring (Section 2.3), lighter-than-air aircraft (Section 3.1.3) are a potential candidate platform (Fig. 2 ) (e.g., Ocean Eye), though their ability to follow animals will be restricted to the manoeuvrability of the support vessel to which they are tethered. Powered aircraft (Section 3.1.1) can be piloted to follow animals, with rotary wing vehicles performing well in existing studies (e.g., Durban et al., 2015) . Fixed-wing aircraft cannot hover above stationary or slowmoving animals but can loiter around a target location. Though powered surface craft (Section 3.2.3) and propeller driven underwater craft (Section 3.2.1) have short survey duration times compared to selfpowered vehicles (Sections 3.2.2 and 3.2.4), these powered platforms, particularly those with increased manoeuvrability, may be suitable for individual focal animal studies (Fig. 2) .
The need for human piloting limits the range of unmanned vehicles used for focal follows, since the vehicles need to stay in communications range with the operator. The range may, however, be considerably greater than that of ship-based human observers. There has been some research into systems which can fully automatically detect and track animals. Aerial systems have been tested to detect and track ships (e.g., Helgesen et al., 2016) and whales (e.g., Selby et al., 2011) . We are, however, unaware of any aerial system that has been developed to the point where it can autonomously track an animal at sea. AUV based systems have also been developed to automatically detect and follow specific underwater signals (e.g., Clark et al., 2013) with pinging transponders (Section 5.4) either attached to other vehicles or to fish. We are similarly unaware of any system that can track vocalising animals using passive acoustics.
Discussion and recommendations
Unmanned vehicles provide a safe and effective alternative to placing humans within a dangerous working area. Many unmanned vehicles are now commercially available, often with fully integrated sensor packages suitable for monitoring marine animals. The range of available vehicles and sensor capabilities is also expanding at a steady rate, making it likely that unmanned systems will play an increasing role in future marine animal monitoring.
Compromises and trade-offs in vehicle and sensor choices are inevitable. For example, while often desirable to use two or more cameras with a UAS, which are sensitive to different parts of the spectrum, the additional payload may shorten flight times, or require a much larger and more expensive vehicle. Or when using ASV or AUV with a PAM sensor to detect low-frequency baleen whales, only a low bandwidth acoustic system is required, with the ability to store many months of data with modest data storage requirements. To be able to detect highfrequency odontocete vocalisations, a higher bandwidth system is needed, with increased power and high data storage requirements, with storage probably lasting for days only, which restricts mission duration. Larger and more complex systems are generally more capable, but are likely to be more expensive and require greater supporting infrastructure.
Procedures for the deployment and recovery of a particular platform and associated sensors is also an important consideration. Specialist training may be required for deployment/retrieval and, more pertinently, for operation of the craft as well as personnel requirements for data analysis. For many industrial applications, the requirement of additional on-board personnel to operate unmanned vehicles may be a logistical constraint.
Comparison of different systems
The usefulness of unmanned systems should always be compared to more traditional methods, such as vessel, aircraft or even shore based surveys. Where multiple technologies have the potential to detect a particular species, we recommend direct comparisons be carried out for different unmanned solutions and, if feasible, alongside traditional monitoring methods. Both the detectability of animals and vehicle endurance are expected to vary with environmental conditions (e.g. summer/winter, temperate/tropical waters) so trials should be focussed on regions of high importance to industry and on species or regions which are currently poorly monitored with more traditional methods. Only a broad scale comparison of the results may be possible due to the differences in survey design caused by the operational differences of the various platforms.
We also recommend the development of a simulation tool which combines knowledge of animal movement, behaviour and cue production with models of sensor and vehicle performance and simulated monitoring scenarios. This could be used to more thoroughly assess the likely efficacy of using unmanned systems compared with traditional monitoring methods for a wider range of environmental conditions and for different monitoring tasks.
Behavioural studies
Continued behavioural studies of all species of interest is important for any survey method (unmanned as well as manned). Vocalising and surfacing behaviour are two key examples that are essential for estimating the availability of animals to be detected (Section 2.1). With regard to unmanned vehicles, it is especially important to understand if, under which circumstances, and how a target animal may react to a specific vehicle.
Improvement of detection and classification algorithm
Due to communication bandwidth limitations a key requirement is the improvement in automated summarisation of sensor data enabling real-time information to be sent back from unmanned platforms. Validation of, and estimates of uncertainty around those automated techniques will remain essential. Research into both the magnitude and the effects of mis-detection and mis-classification, and investment into systems that aid human observers in the decision processes is of high importance.
Health and safety developments
Any considered craft requires extensive testing to ensure sufficient safety and reliability during operations. Not all unmanned vehicles have a proven record of technical reliability (e.g., Brito et al., 2014) . Further promotion of the Health Safety Environment (HSE) procedures might involve the development of a 'code of practice', as matured for USVs, for operation of unmanned vehicle use in industrial operations. Harmonised regulations and standards would create a smoother transition to, and acceptance of, unmanned vehicles. At present, both standards and regulations differ among countries. The lack of international harmonisation creates some resistance from current air or water space users as well as public apprehension. We recommend development of a framework of rules and regulations that are flexible and amendable to the specifics of an industrial project and to the rapid development of unmanned vehicles for a range of applications. Further research into 'detect-and-avoid' systems for unmanned vehicles would also lead to improvements in the operational safety of unmanned vehicles.
Summary
Recent technology developments have turned present-day unmanned vehicle systems into realistic alternatives to traditional marine animal survey methods. Benefits include longer deployments, improved mission safety, mission repeatability, and reduced operational costs. The technical and operational details of the unmanned vehicle need to be tailored to the specific needs of a monitoring task, such as, among others, the area of interest, survey length, target species and project budget. Population monitoring generally need systems with high endurance capabilities and the ability to follow track lines or to remain stationary. During mitigation monitoring, systems need to sufficiently cover a given monitoring zone and to be able to detect animals in realtime. Focal animal studies require systems with tracking ability. The target species mainly defines the kind of sensor most suitable for detecting an animal. Electro-optical imaging sensors deployed on Unmanned Aerial Systems (UAS), enable the detection of animals when near or at the sea surface. Acoustic monitoring sensors, deployed on Autonomous Underwater Vehicles (AUV) and Autonomous Surface Vehicles (ASV), detect animals under water. Passive Acoustic Monitoring (PAM) sensors can only be used for monitoring soniferous animals or animals tagged with transponders to monitor the movements of individual organisms. Active Acoustic Monitoring (AAM) sensors detect large "bodies", from patches of zooplankton and fish up to large whales.
Many unmanned vehicles are commercially available, often with integrated sensors suitable for animal monitoring. Powered UAS have many of the capabilities required for population monitoring, as do kites and lighter-than-air UAS. Powered and self-powered AUV and ASV are also suitable for population monitoring; the long deployment duration of self-powered AUV/ASV is particularly beneficial. For mitigation monitoring, where continuous real-time monitoring is required, generally only surface or aerial systems are suitable. In operationally busy areas, ASV are rather unsuitable, as they cannot safely operate. In focal animal monitoring, powered vehicles are suitable platforms. Lighterthan-air aircraft are also a potential candidate platform depending on the manoeuvrability of the support vessel to which they are tethered.
This review presents critical factors to be considered when planning marine surveys using unmanned vehicles as the main source of data collection. It gives the following recommendations to enhance the use of unmanned systems: Field comparisons of different unmanned solutions alongside traditional monitoring methods; studies on animal behaviour to better understand detection probability; improvement of detection and classification algorithms, and, with regard to the operational safety, 'detect-and-avoid' systems for unmanned vehicles; development of an international harmonised framework of rules and regulations, flexible and amendable to specific industrial projects and supporting rapid unmanned system development.
